Abstract-This paper investigates the performance of orthogonal frequency and code division multiplexing (OFCDM) systems with multiple input multiple output (MIMO) multiplexing (MIMO-OFCDM), where multi-code transmission is employed to increase the data rate. An analytical approach is presented to evaluate the performance of the system using joint space-frequency detection with zero-forcing successive interference cancellation (ZF-SIC) in the space domain and minimum mean square error (MMSE) detection in the frequency domain. It is shown that at each step of SIC, the decision errors on multiple code channels are correlated to each other. By taking the correlation between the errors into account, the proposed analytical approach provides a precise estimation on the performance of MIMO-OFCDM. Simulations demonstrate the accuracy of the proposed analytical approach.
INTRODUCTION
Orthogonal frequency and code division multiplexing (OFCDM) is a promising candidate for the downlink transmission in future wireless communications [1] . Using twodimensional (2-D) spreading, each data symbol in the OFCDM system is spread with orthogonal variable spreading factor (OVSF) codes in the time domain with NT chips and in the frequency domain with N F chips [2] . Thus, multiple 2-D code channels can be assigned to one user to increase the data rate. Moreover, multiple-input and multiple-output (MIMO) multiplexing is introduced to the OFCDM system to achieve a data rate as high as 1Gbps.
This paper aims to investigate the performance of MIMO-OFCDM with multi-code transmission using an analytical approach. It should be noted that in the multi-code MIMO-OFCDM system, desired data signals are interfered by not only co-channel signals from other transmit antennas (or multiantenna interference (MTI)), but also multi-code interference (MCI) from other code channels. Instead of the optimum but complex maximum likelihood detection (MLD) method, ajoint space-frequency domain signal detector is considered, where zero-forcing successive interference cancellation (ZF-SIC) is used in the space domain to cancel out MTI and minimum mean square error (MMSE) detection is employed in the frequency domain to suppress MCI. A performance analysis has been carried out in [3] for a MIMO system with ZF-SIC where one data symbol was transmitted on each antenna. However, in multi-code MIMO-OFCDM, multiple data symbols are transmitted on one antenna and more than one decision errors are involved at each step of SIC. Thus, it is necessary to investigate the relationship between the error 978-1-4244-2644-7/08/$25.00 ©2008 IEEE events. By taking the correlation between error events into account, the proposed analytical approach provides precise estimation on the performance of MIMO-OFCDM, which are close to simulations and more accurate than those obtained from an approach where the correlation between errors is ignored.
In the following context, Section II introduces the basic structure of the MIMO-OFCDM system. An analytical performance evaluation is carried out in Section III. Then numerical and simulation results are presented in Section IV. Finally, conclusions are drawn in the last section.
II. SYSTEM MODEL

A. Transmitter
As shown in Fig. 1 , at the transmitter of the MIMO-OFCDM system, information bit streams are firstly serial to parallel (SIP) converted into n t sub-streams, corresponding to n t transmit antennas. For each antenna, the sub-stream is processed by the 2-D spread OFCDM with multi-code transmission [2] , where the sub-stream is further SIP converted into K streams, corresponding to K data code channels. On each code channel, information bits are modulated and SIP converted into MIN F symbol streams, where M is the total number of sub-carriers. Then, 2-D spreading is carried out. The spread signals from all K data code channels are added together at the code multiplexer. The resultant signals pass through a chip interleaver in the frequency domain, so that the N F subcarriers carrying the same data symbol are separated, providing large frequency diversity gain. Assuming that a block interleaver with depth N F is used, the oth, ( (2) where 4f is the frequency separation between the m~h and m.
th sub-carriers and t1.fc is the coherence bandwidth of the channel.
C. Receiver with Joint Detection
The receiver is deployed with n r antennas. On each receive antenna, the radio signal firstly passes through the matched (Npfh to the (Np + NT -1 fh symbol duration, carrying the same unspread data symbol dp,O,O,k (denoted as dp,k hereafter). The output of time domain despreading is given by 
where dp,k is the data decision on the pth antenna and MTIs,in is the residual MTI. Then, the MMSE weight at the sth step of the joint detection is given by where Pr (e}~~,...,e}~L Iii,N e ,0,1' iI) is the probability that one ofthe (~o~:) error events happens when there are totally Ne,O,l errors in real parts, e}~l =1 (or 0) when there is a (or no)
With the assumption that the bit error occurring on each code channels is independent to each other, a simple approximation of Pr (e}~~, ...,e}t IH,Ne, o,! ,i l ) can be obtained. However, it is noted that for different code channels at the same step, the MCI (or noise) terms in the decision variable of real part (or imaginary part) are correlated to each other, Le., aMCI(ko,kl)=E{MCII,O,koMCII,O,kl} is not zero. Therefore, the decision variables on the K c +1 code channels are correlated. Hence, the calculation of In (14), the calculations of Pr (Ne,11 Ne,o, H) , ..., and Pr (Ne,s-d Ne,o'" " N e ,s-2' H) can be carried out in a similar way as that of Pr( Ne,olft) . The only difference is that due to the decision errors at previous steps, there is MTI in the decision variables. By taking MTI as a Gaussian variable, the former method can also be applied to obtain Pr (Ne,ll Ne,o, H) , ..., and Pr(Ne,s_.!Ne,o,.··, N e 'S_2,ii) . Thus, Pr(Ne,olii) can be calculated using (11). Finally,~:~is averaged over all H to obtain the final average BER at the sth step, which can be numerically evaluated by a Monte Carlo Approach.
IV. NUMERICAL RESULTS
The MIMO-OFCDM system is configured as follows [4] . The number of transmit antennas and receive antennas are both four. The system bandwidth is set to 100MHz and the number of sub-carriers Mis 1024. The time domain spreading factor NT equals eight and the frequency domain spreading factor N F can be varied. To obtain the maximum data rate, a full loaded MIMO-OFCDM system with K=N data code channels is considered. Each packet is composed of Nr=52 OFCDM symbols, with the first Np=4 symbols reserved as pilot symbols. The power ratio between the pilot channel and all data channels /3/K is set to 3.5. The coherence bandwidth fc is set to 1MHz. The correlated Rayleigh fading channels can be generated according to [6] .
First of all, the system performance is illustrated in Fig. 3 as a function of SNR. Both the BERs obtained from simulations and the proposed analytical approach are shown. As a comparison, Fig. 5 also presents the analytical results obtained from an approach where the correlation is ignored, but only for the Oth and 3 rd detected antenna for clarity. It can be seen that for the Oth antenna, both analytical results matches perfectly with the simulations, because at the Oth step of joint space-frequency detection, there is no MTI cancellation and error propagation. However, for the 3 rd detected antennas, the no-correlation analytical results deviate from the simulations, especially at high SNR, while the analytical results of the proposed method still keep close to the actual BER. The reason is that as the joint detection goes on step by step, the errors at previous steps propagate to the current step and have a more and more important influence on the BER performance. At the 3 rd step, decision errors at all previous steps should be considered, and they begin to dominate the BER performance, which is obvious at high SNR. In this case, the correlation between the error events at previous steps is not negligible. Otherwise, the analytical BER becomes inaccurate, as indicated by the no-correlation analytical results. Then the system performance is shown in Fig. 4 as a function of frequency domain spreading factor N F • For various values ofN F , the analytical results using the proposed approach are accurate. However, only when N F~4 , the BER of the nocorrelation analysis is close to the actual BER on the antenna detected at the last step of SIC. When N F gets larger, it deviates further and further from the simulations. Since the number of code channels increases with N F (K c =N F -1), more error events occur at each step of SIC. Thus the error event correlation is more important to the system performance with larger N F and not negligible. On the other hand, it can be seen that when N F increases, the performance of MIMO-OFCDM improves significantly, especially for the 1st, 2 nd and 3 rd detected antennas. For the Oth antenna, the improvement diminishes when N F~1 6. Due to ZF-SIC, there is no space diversity on the Oth antenna and it can only exploit the frequency diversity gain, which is saturated when N F is large. However, other antennas can benefit from both space and frequency diversity. The later the antenna being detected, the bigger space diversity gain can be achieved. As a result, there is still significant performance improvement on the 1st, .
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I I estimation for the system performance which was more accurate than the one considering no correlation.
2) The correlation between error events is critical to the system performance, especially for antennas detected at later steps of SIC in systems with high SNR and large frequency domain spreading factor. 
